Isoquinoline alkaloids form the largest group of alkaloids in the plant kingdom. Numerous publications deal with aspects of the biosynthesis of these compounds in vivo [ 11, while isoquinoline biosynthesis at the cell-free level had hardly been touched [Z] . The initial reaction in isoquinoline biosynthesis has long [3] been assumed to be a condensation of two aromatic units, both derived from tyrosine, namely dopamine and 3,4-d~ydroxyphenylacet~de-hyde [4] . This scheme was later modified [5] where it was reported that condensation of dopamine with 3,4-dihydroxyphenylpyruvate would lead to an amino acid, norlaudanosoline-l-carboxylic acid, which in turn, by decarboxylation, would yield norlaudanosoline, the well-recognised precursor of papaver-alkaloids [6, 7] . The intermediary nature of norlaudanosoline-1 -carboxylic acid was later claimed to be supported by in vivo [8] and in vitro [9, 10] experiments. The stereochemical aspects of this condensation remained, however, unresolved, and there was considerable dispute with regard to an inversion of configuration of the precursors during the biosynthesis of morphine-type alkaloids [ 11 ,121. Therefore, a detailed study of this early step in isoquinoline biosynthesis appeared warranted.
Here we report that in cell-free systems from representatives of 10 different genera from 3 plant families containing benzylisoquinoline alkaloids, we were able to detect a novel enzyme which condenses dopamine with 3,4-d~ydroxyphenylacet~dehyde to yield directly norlaudanosohne. The aldehyde rather than the postulated 3,4d~ydroxyphenylpyruvate is the substrate for this condensation reaction. The reaction product was proven to posses L (--) 1 -&H-(S)-
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configuration. The enzyme catalysing this reaction was named (S')-norlaudanosoline synthase. In contrast to previous assumptions [S&10] it appears now that the first natural intermediate in the benzylisoquinoline pathway is (S)-norlaudanosoline rather than norlaudanosoline-1 -carboxylic acid.
Materials and methods

~orlau~an~so~ine synthase assay
The assay is based on the fact that carbonylic substrates reacting with dopamine in a F'ictet-Spengler condensation will release 3H from position 6 of the aromatic ring of dopamine into the ambient medium, This was verified by allowing the condensation of 132 pmol [ring-2,6-3H,2-'4C] dopamine (3H:'4C = 3.14: I) with 132 mol3,4-dihydroxyphenylacetaldehyde at pH 4.3. Norlaud~osoline was isolated (25% yield) and rigorously purified. It showed a 3H:'4C ratio of 1.5 1: 1 (theory, 1.57: 1) which proves that, indeed, one proton only is removed from this substrate during the condensation.
[titig-2,6-3H] Dopamine (3.7 mCif@mol) was synthetized by standard methods using commercially available [tiug-2,6-3H] tyrosine (Amersham) as starting material and diluted appropiately with unlabelled material. The release of tritium into the medium was used as a measure for enzyme activity [ 13,141 taking into account that only one tritium atom of [ring-2,G3H]dopamine is lost during the reaction. Enzyme activity is expressed as the mount of dopam~e converted to norlaudanosol~e.
Standard assay conditions were as follows: 0.1 pm01 [ting-2,6-3H]dopamine 85 570 dpm incubated with 0.5 ,umol of the respective second substrate in the presence of 20 pmol ascorbate, phosphate buffer (20 pmol pH 7.8), enzyme preparation (1 mg protein), and water in 0.25 ml total vol. Incubation was at 30°C. The reaction was stopped by the addition of 0.3 ml charcoal (300 mg) suspension, agitation of the sample for 1 min, and subsequent centrifugation (9980 rev. mm or min (Eppendorf System).
/ ' ) f 5 Aqueous phase (0.2 ml) was transferred to a scintillation vial, mixed with 5 ml Quickscint scintillation fluid (Koch-Light), and counted for radioactivity. A set of controls with either heat-denatured enzyme or without carbonylic substrate was included. The amount of 3H released by the non-enzymatic condensation of the substrates under these conditions was subtracted from the samples containing active enzyme.
Plant cell cultures
Over the last 5 years -250 plant species containing isoquinoline alkaloids were grown in tissue culture in thislaboratory.
Out of these, -80 species were selected for subsequent optimization of alkaloid production. The cultures were established and grown in B 5 medium [ 151 supplemented with 0.5 mg indole acetic acid/l, 0.5 mg naphthalene acetic acid/l, 2 mg 2,4-dichlorophenoxy acetic acid/l and 0.2 mg kinetin/l (subsequently called 4 X medium). For alkaloid formation, the cells were allowed to grow in the production medium at 23°C at -750 lux (fluorescent light), and the cells harvested after an 8 day growth period. The tissue was frozen in liquid nitrogen and either used immediately or stored at -20°C.
Enzyme preparation
Frozen cells (30 g) were allowed to thaw in the presence of 60 ml 0.1 M phosphate buffer @H 7.0) containing 20 mM /3-mercaptoethanol. The mixture was stirred for 30 min. The slurry was passed through cheesecloth and centrifuged at 48 000 X g for 10 min at 4°C. The supernatant was decanted and subjected to (NH2)S04 fractionation. The fractions obtained by saturation with solid (NH4)*S04 at 35-500/o saturation were used in the experiments.
Protein concentrations were determined by the modified Lowry method [ 161.
2.4. Chemicals 3,4-Dihydroxyphenylpyruvate [ 171 was the kind gift of Professor Steglich, Bonn; all other substrates were prepared by standard procedures or were com-6 merciaIly available (Sigma). Compounds were acetylated by incubating the dry material with a large excess of dry pyridinelacetic anhydride (1: 1). Excess anhydride was destroyed by adding water, the pentaacetate extracted with ether, washed with 2 N HzS04 and water, and dried over anhydrous Na2S04. The ether was evaporated and the residue subjected to TLC (benzene:acetic acid = 8:2; benzene:dioxane:acetic acid = 90:25 :4; The RF values of norlaudanosoline pentaacetate were 0.38 and 0.52, respectively).
Paper chromatography was performed by using n-butanol:acetic acid:HzO = 4: 1:5 as solvent (norlaudanosoline: RF = 0.85).
Results
Survey of enzyme activity
As Schdpf and Bayerle observed in 1934, incubation of dopamine and appropriate aldehydes under so called physiological conditions leads to the nonenzymatic formation of benzylisoquinoline derivatives [ 181. This reaction was also observed under our standard conditions and was strictly dependent on the presence of a substrate with a carbonyl function. In the absence of enzyme and in the presence of 3,4-dihydroxyphenylacetaldehyde, tritium was released at 0.01 pmol/l. Addition of enzyme from Eschscholtzia tenuifolia (1 mg) drastically enhanced, (GO.035 pmol/h), the reaction rate. This reaction was dependent on the amount of enzyme added; heat denatured enzyme did not show this effect. Cell cultures of representatives of 10 genera containing isoquinoline alkaloids were selected and tested as above. Furthermore, 2 potential substrates, 3,4-dihydroxyphenylacetaldehyde and 3,4-dihydroxyphenylpyruvate, were employed. As a control, 3 cell cultures derived from plants which contain other alkaloids or no alkaloids at all were also investigated. The results are summarized in table 1. Enzyme activity was detected in all species containing isoquinoline aIkaloids. 3,4-Dihydroxyphenylacetaldehyde was by far the best substrate for the condensation reaction with dopamine, while 3,4-dihydroxyphenylpyruvate gave no or only marginal activity. 4-Hydroxyphenylacetaldehyde was also a substrate for the enzyme while both 4-hydroxyphenylpyruvate and phenylpyruvate gave no reaction. The enzyme activity was completely absent from those species which did not contain isoquinoline alkaloids such as Nicotiana, Catharanthus OS ~~~c~s proving that this enzyme is present in and spedfk for pk&s ~on~~~g ben~yl~~~qu~nol~ne a&a-loids. In contrast to fst,lO~, Triton X-100 treatment had no influence on the enzyme activity, using the afdehyde or pyruvate as substrate.
3,2,1. Reaction as a function of time, protein and substrate concentration The enzyme-cataiyzed net release of "J.i from the substrate, which corresponds to norl~~~d~~osoline ~~~rn~tion, was linear over >A0 mm. T%e rate of reaction was I&ear up to 300 gg protem under standard assay conditions. The temperature ctptimum was found to be 35°C. The enzyme e~~bited normal ~~~~ael~s-~enten kinetics with 3,4-d~ydroxy~e~~l~ ac~t~de~yde and dopamine. Apparent Kn, -values were calculated using a computer program for linear regression analysis of a straight line of the MichaelisMenten plot. They were found to be t r&I for 3,4-d& hydroxyphenylacetaldehyde and 5 mM for dopamine for the enzyme from E. tenuifolia
pH ~pt~murn
The enzyme activity shows a broad pro% ranging from pH 5-9 ~6th a clear optimum around pH 7.8 as shown in fig-1 _ ~~~~~~~e buffer did not inhibit the reaction_ June 1981 3.2.3.Nature of the reaction product [2-'4C] R~~a~~ (6 ~01,1_6 x 10' dprn~~~~~ were allowed to react with an excess of 3~4~~~dro~~ ~heny~a~e~~~d~~yde (38 #mot) in 4 r& total vol. phosphate buffer (pH 7.8, gDQ mol) in the presence of 20 mg protein from E ~e~~~~~~. After 2 h at 30°C the rn~t~re was freeze dried. The residue was suspended in methanol and subjected to paper chro-matography. The labelled product (RF 0.85) was isolated~yield I~)andhadspec.act.
I .53X 106 dpmf mol. It was acetylated and yielded after several purification steps the pentaacetate with spec. act. 1.5 1 X lo6 dpm/pmol. MS m/e 497 (M',l%), 29 1 (3%) 289 (Sl%), 247 (lOO%), 205 (57%) 168 (49%) was identical with chemically synthetized norlaudanosoline pentaacetate. The identity of the product was thus established.
32.4. Stereochemist~ of the enzymic reaction product Large scale incuba~on of dopamine (48 pmol) with 3,4~~ydroxyphe~ylacetaldehyde
(240 PmoI) in the presence of 9.6 mmol phosphate buffer (PI-I 7.8), ascorbate and 650 mg protein from E. tewifolia in 120 ml total vol. yielded norlaudanosoline which was processed as above. The pentaacetate was subjected to circular dichroism (CD) measurement and showed the following characteristics: max 274 nm (Ae + 0.13); 220 nm (-0.4); 205 nm (i 1.2). Comparison with the CD spectra of authentic (+) and (-) norlaudanosoline pentaacetates of known absolute conf@ration derived from (i-) and (-) tetrahydro~apaverines [ 191 showed beyond doubt that 20-25% of the recovered material was optically pure and had the I-cr-H-(S)-configuration. The (5')enantiomer was predominantly formed also by the enzyme from Thalictntm minus and Meconopsis cambrica. The low yield of the optical pure compound can be explained in two ways: either normally occurring chemical condensation of -5O%, which yields the racemate, is increased in large scale batches or a small amount (-10%) of ~~)-norlaudanosol~e is formed besides the excess of the ~~)~n~tiomer thus yielding -25% enzymat~ca~y formed ~~~~~rn~ture adding up with the chemically formed racemate to -75% of (R,f)-mixture. This problem will be further investigated. Since, hawever, all 3 enzyme-preparations from different plants gave about the same yield of optically pure material, the first explanation given here is at present favoured.
The possible occurrence of a norlaudanosoline racemase was tested by incubating pure ($) or (RR)-norlaudanosoline with enzymes from I?. ~e~ui~~~~~ under identical conditions as above and carrying the pure en~tiomers through the entire isolation, acetylation and puri~cat~on procedure. No evidence for racemisation was found. The enantiomews were recovered in absolutely pure optical form.
A novel enzyme (~)-norlaudanoso~ne synthase, catalysing the condensation of dopamine with 3,4-d& hydroxyphenylacetaldehyde by a Pictet-Spengler type reaction, was discovered and proven to be of common occurrence in several members of plants containing isoquinolines. In the assay, the enzyme catalyses the reaction shown in fig.2 . Use was made of the fact that during the condensation reaction the hydrogen atom at C-6 of the aromatic ring of dopamine is removed. Using fring-2,6-3fl]dopamine, the enzymatica~~~atalysed elimination of tritium makes a convenient and sensitive quantitative test for this enzyme. The lost tritium atom can be measured in the ambient aqueous solution. The enzyme is specific for the aldehyde substrate and yields a product with I -o-H-(S)-configuration. 3,4Dihydroxyphenylacetal-dehyde and to a lesser extent, 4-hydroxyphenylacetaldehyde and phenylacetaldehyde serve as substrates. ?,4-~~droxyphenylpy~vate, 4-hydroxy phenylpyruvate and phenylpyruvate were not utilized. Thus, the old hypothesis of Winterstein and Trier 141 is realized in nature, in that dopamine condenses with a substituted PhenylacetaIdehyde to yield simple [23] . The observation that labelled dopa and dopamine were incorporated into norlaudanosoline-lcarboxylic acid in papaver plants in vivo or in papaver latex [S] may be due to the easiness of chemical condensation of dopamine with 3,4_dihydroxyphenyl-pyruvate which both exist in the plant. Dopa is known to be trans~inated in plants. ~nfortunate~y~ the stereochemistry of the isoIated norlaud~osol~e-1-carboxyhc acid was not determined in these studies [S,S,XO] so that the question cannot yet be answered whether this amino acid is an artifact or not. Since the papaver cell cultures used here produced neither thebaine nor morphine or codeine, there remains the slight possibility that a specific pathway leading to papaver alkaloids via norlaudanosoline-l-carboxylic acid exists in these plants which is repressed under our culture conditions [24] . Nevertheless, on the basis of the results presented here we can firmly conclude that the major pathway to the structurally diverse be~~~soqu~nol~e alkaloids involves (Q-norIaudanosol~ne as the first and central intermediate.
